Abstract-We have constructed and tested γ-ray polarimeters from layers of 2 mm thick double-sided silicon strip detectors. The first test polarimeter consists of 2 layers of 64×64 strip detectors with a 0.891 mm strip pitch. The device was tested using 122 keV γ rays polarized by Compton scattering near 90
I. INTRODUCTION

S
ILICON double-sided strip detectors (DSSDs) provide excellent energy resolution and fine position resolution for the detection of γ rays, and Compton telescopes based on layers of thick silicon strip detectors are currently under investigation. Incident γ rays can scatter in one pixel of a DSSD and be scattered/absorbed in another, and from the average direction and magnitude of the directional scattering asymmetry the magnitude and direction of the polarization of the incident γ rays may be deduced [2] . Potential future space missions such as an Advanced Compton Telescope should be sensitive to polarization, given goals of high position and energy resolution for their design. Because the scattering of the incident γ rays occurs within the detectors themselves rather than a separate scattering target, the design of polarimeters based on highly segmented detectors is not hindered by the typical "polarimeter conundrum." The essence of the conundrum is that a larger scatterer in a polarimeter employing a passivescattering element is more efficient at scattering incident γ rays, but a smaller one is more efficient at allowing the scattered γ rays to enter into the active detector element [3] . Using an active scattering target does result in a technical challenge of ordering the interactions properly, which can be overcome by using detectors with sufficient energy and position resolution. As γ rays scatter in the detector, they deposit energy according to well-known Compton scattering formulae, allowing the determination of the order of scattering. Subsequently, the same data set allows for the reconstruction of the energy and direction of In Fig. 1 , we present a photograph of the detector arrangement (a) and a schematic of the experimental setup as represented in the GEANT4 simulation (b). A small (5×30 strips) DSSD was used as a scatterer of γ rays from a 0.735 mCi 57 Co source to generate the polarized γ rays. The polarized γ rays were detected by two 64×64 strip DSSDs centered 35 and 45 mm below the scatterer. A lead collimator shielded the polarimeter detectors from the source. The NRL detectors [1] have a strip pitch of 0.891 mm. Each detector used was 2 mm thick, DC-coupled to external components (50 MΩ bias resistor, 800 pF decoupling capacitors), and had a room-temperature leakage current close to 1.2 µA at a bias voltage of 800 V. The detectors were protected by a 3 mm guard ring structure with 23 rings (22 floating). The system was operated at room temperature in a dark box, with an exhaust fan to remove excessive heat from the preamps.
Signals from the detectors were amplified with eV5093 preamps, one per strip. The pre-amplified signals were amplified with CAEN N568-B 16-channel NIM amplifiers, and digitized by CAEN V785 32-channel VME ADCs. The data acquisition system was triggered by a coincidence between the scattering detector and either of the two detectors in the polarimeter. The hardware trigger for the systems was done on the ground side of all detectors, and hits on both sides of the scattering detector and at least one polarimeter detector were required to be present when doing cuts in software. ASIC readout is currently under development at NRL for these detectors.
III. DATA 2 shows a plot of the spectrum of interactions in a single strip when the detector is directly illuminated with γ rays from a 57 Co source for calibration. The example strip is near the middle of the ground side of the top polarimeter layer (middle detector in the stack of three). The resolution of the strips is close to 4.5 keV at room temperature, and has been observed to improve to around 2 keV as the detectors are cooled to 0
• C. The detector threshold is approximately 12 keV for this measurement.
For events which scatter twice within a single layer, the pairs of interactions are ordered by their deposited energies, and a histogram of the positions of the second interactions relative to the positions of the first interactions is plotted in Fig.  3(a) . The center of the plot (0,0) represents the position of the first interaction, and exclusion of nearest-neighbor interactions (which can be due to charge-sharing) creates the cross shape in the center of the plot. Most events occur over short distances due to the decreasing solid angle between pixels with distance, and also partly due to attenuation of the low-energy γ rays in the detector.
Events were selected which scattered from the polarizing detector into the polarimeter at angles of 90
• ± 20
• , which required knowledge of the position of the initial interaction in the polarimeter of each event. Events were also selected which deposited the full 122 keV of energy in the detectors (to better define the ordering of the interactions in the polarimeter and reduce background). Other requirements were for the energies in selected events to match on both sides to within 2×FWHM for the individual strips. This matching requirement can be tightened with detectors cooled to 0
• C, as the resolution of the silicon detectors improves. For the case of scattering between the two adjacent detector planes, the same type of data plot is shown in Fig. 3(b) . There are no nearest-neighbor interactions, since the detectors are physically separated. The central position corresponds to interactions which occur in corresponding pixels in each layer.
The modulation function (the difference in the counts at a particular angle and the counts at a perpendicular angle divided by the sum of those counts) for the in-plane events is plotted in Fig. 4(a) . The data shown in Fig. 3(a) are divided into 30
• pieslices at θ = 0, 30, 60, 90...360 ± 15
• angles and compared to the counts in the θ+90
• slice. Errors for the modulation function points are derived from statistical error of the counts in each bin within the pie slices, which are weighted according to the solid angle and attenuation factors. The amplitude (modulation fraction) and phase of this function may be related to the magnitude and direction (respectively) of the polarization of the incident γ rays. As expected, in this case there is an asymmetry in scattering favoring the x-direction, resulting in a phase of 0 ± 3
• . The amplitude of the modulation function for this instrument in this configuration was 0.38 ± 0.02.
The modulation function for events where γ rays scattered between the two polarimeter layers (from layer one into layer two and the reverse) was also calculated, with slightly lower modulation ratios near 0.25 ± 0.05. This type of event is increasingly important in larger instruments with a higher number of layers, where the possible combinations of layers to scatter between increases nearly as N 2 (with a correction for attenuation as the γ rays pass through multiple layers). The characterization of the modulation ratio of the different event types with γ rays of known polarization allows for a weighted average of measurements of γ-ray polarization from all event types to provide a high-precision and high-sensitivity polarization measurement.
The simulation of the experimental setup was performed using GEANT4 [4] . The simulation recorded energy deposited in the active area of the detectors due to γ rays from a 57 Co source propagating through a detailed (geometry and materials) model of the experimental setup, as shown in Fig. 1(b) . The deposited energies and strip numbers for each simulated γ ray were translated into an event structure like the one recorded during the physical measurement. These events were stored if the simulated energy deposition in one or more of the strips exceeded a nominal threshold (12 keV), to simulate the experimental triggering system. A modulation factor for the instrument of 0.35 ± 0.01 is simulated for the in-plane scattering, in agreement with what is measured when the clear full-energy data are analyzed with the same cuts applied to the simulated data set. Similar agreement is found for the cases of scattering between layers. Even without cuts applied to the data, the experimental system shows a clear response to polarized γ rays, as can be seen from the asymmetry present in Fig. 5 . Different triggering efficiencies for the uncut events when a single strip has two interactions along its length are responsible for the excess of counts at x=0 and y=0. The modulation ratio of the uncut events, however, is high (0.5, except when the x=0 and y=0 strips are compared) compared to a GEANT4 simulation value with no cuts of 0.33 ± 0.01. This demonstrates the utility of our data cuts in selecting events which we have a detailed understanding of.
IV. HIGH ENERGY EXPERIMENTAL SETUP
The experiment with 122 keV γ rays contains two drawbacks. The primary drawback is the lack of simple removal of the scatterer for direct background measurements, because the scatterer is part of the system trigger. The secondary drawback is that the small silicon detector is not an efficient scatterer of higher-energy γ rays, so we used 57 Co as a γ-ray source. The result of using 57 Co is that the two scatterings in the 64×64 strip detectors deposit nearly the same amount of energy in their respective pixels. In order to determine if the initial scattering of the closely spaced detectors was close enough to 90
• , we must determine the order of the interactions in order to apply a geometric cut on the event. Such an ordering is possible if we demand that the second interaction be photoelectric, requiring us to perform a full-energy cut on the deposited energy in all three interactions. This cut includes the energy in the scattering which generates the polarized γ-ray beam, which cannot be measured in most practical settings. These differences with a space instrument, which would have the ability to point at unpolarized sources in the sky for calibration of detector response asymmetries but no foreknowledge of the energy of the incident γ rays, lead us to a simplified experiment involving scattering of the higher-energy γ rays of a 60 Co source from a 3.5 cm × 5 cm × 1 cm lead block. 6 shows a basic schematic of the experimental setup. 1173 keV and 1333 keV γ rays from a 1.14 mCi 60 Co source are scattered by a lead block. The block is tilted at a 45
• angle to present a 3.5 cm × 3.5 cm profile to both the source and detector. Background is measured by simply removing the scattering block from the experiment. The background is normalized to time. The γ rays scattered from the lead block have energies of approximately 320-410 keV over the range of possible scattering angles into the detector, and deposit between 120-180 keV of energy in their first scatterings in the Si detector. Subsequent scatterings in the Si detector (upwards of 1000 times more likely than photoelectric absorption at these energies) deposit less energy than the minimum energy deposition of the initial scatterings except in the case of multiple scattering within a single pixel (about 2%, depending on the scattered radiation's remaining energy), allowing proper ordering of the scattering event's energy depositions in the xand y-strips of the detector. A plot of the difference in position of the initial and final scattering is shown in Fig. 7(a) . A background histogram was created (with the lead scatterer removed), normalized to time, and subtracted from the data. The resulting polarization fraction of 0.25 ± 0.06 shown in Fig. 7(b) is consistent with an estimate from previous calculations for scattering of 1250 keV γ rays, which have a modulation fraction of approximately 0.28 after two 90
• scatterings. Further work with GEANT4 will provide a more detailed comparison to the 60 Co experiment.
VI. CONCLUSION
These source-based measurements provide a simple and effective way to characterize the performance of a radiation detector as a polarimeter. Such measurements are of interest for many γ rays of interest in a space instrument, such as γ rays which have been scattered in material near an active galactic nucleus. The 60 Co experiment demonstrates a more real-world situation, in which total knowledge of the radiation's origin does not exist and one only has the interactions in the polarimeter itself from which to gain information. More complete information may also be obtained by means of a moveable scattering detector, combining the best features of both experiments. It is possible in the future to perform more absolute tests of polarimeters by using 100% polarized beams from such facilities as the Duke University High Intensity Gamma Source (HIgS) [5] over a tunable range of energies.
